Hydrogen behavior in V-Zr-Ni-Ti alloys with different amount of Laves phase has been examined by the tritium radioluminography and the PCT measurement. Tritium radioluminography has shown that the local hydrogen concentration in the Laves phase is higher than that in the BCC phase in the range of lower hydrogen content of ppm order, that is, hydrogen preferentially dissolves into the Laves phase. PCT measurement has shown that the maximum hydrogen concentration decreases as the ratio of the Laves phase to the BCC phase increases in the range of higher hydrogen content of percent order. This means that the BCC phase mainly absorbes hydrogen. It has been concluded that the Laves phase acts as the penetration path for hydrogen in the early stage of hydrogenation, and that the BCC phase is the main hydrogen storaging phase. An extraordinary phenomenon has been observed in the time dependence of the local hydrogen concentration in V 54.5 Zr 18.25 Ti 11.25 Ni 16 alloy. The local hydrogen concentration in the BCC rich region decreases for a few days after hydrogen charging and then changes to increase, while the hydrogen concentration in the Laves phase rich region gradually decreases. This phenomenon has been thought to be related to the microstructure in the specimen.
Introduction
Vanadium is known to have high hydrogen storage capacity of 3.8 mass%, 1) thus, vanadium based alloys have been regarded as a base metal of hydrogen storage alloy. However, vanadium has poor properties of initial activation and effective absorption capacity for hydrogen. Recently, the hydrogen absorption-desorption property in the V-Ti-Ni alloy 2) or VZr-Ti-Ni alloy 3) with two-phase structure of BCC phase and Laves phase was examined, and an excellent property was obtained when the Laves phase formed three-dimensional network structure. However, the effect of the Laves phase on the initial activation and penetration for hydrogen is not clear.
Tritium is the radioactive isotope of hydrogen, and emits only low energy β-rays. Thus, tritium has been used to observe hydrogen distribution in metals. Tritium radioluminography 4) is a useful technique to visualize hydrogen distribution in materials using imaging plate (IP). The IP is recently attracted much attention for newly detector for radiation rays. [5] [6] [7] The principle of the detection is based on the photo-stimulated luminescence (PSL) phenomenon after irradiating the radiation rays to the IP. In this method, tritium added specimen is placed on the IP to expose the β-rays emitted from tritium, and then the two-dimensional distribution and intensity of the β-rays are detected. The quantification ability of the radioluminography for the tritium distribution is excellent because the IP possesses an extremely high sensitivity for the radiation rays with a wide dynamic range of about five orders. 8, 9) By the tritium radioluminography, it is possible to observe not only the two-dimensional hydrogen distribution but also the hydrogen concentration at the local area on the specimen surface. In previous works, we performed a quantitative observation of the hydrogen distribution in pure vanadium, 10, 11) V-Zr-Ti-Ni alloys, 12, 13) V-Fe alloys, 14, 15) V- * Graduate Student, Muroran Institute of Technology.
Cr-Ti alloys 16, 17) and Ti-Cr alloy 18) by the tritium radioluminography, and examined the relation between the hydrogen distribution and the microstructure or mapping of constituent element in these materials.
In the present work, we have applied the tritium radioluminography to V-Zr-Ti-Ni hydrogen absorption alloys to observe the hydrogen distribution in them, and performed a measurement of pressure-composition isotherm (PCT) curves to investigate the hydrogen absorption-desorption property. The role of the Laves phase on the hydrogen penetration or absorption in these alloys is investigated. 17 Ni 30 alloys were prepared by arc melting method in high purity argon atmosphere. As-cast button-like ingots were cut into plate specimens 1 mm in thickness. Then the plate specimens were polished using abrasive papers and mirror-finished using alumina paste with 0.05 µm particles.
Experimental Procedure
Hydrogen (protium and tritium) addition into the polished specimens was performed by an electrochemical cathodic charging method at room temperature. The electrolyte was 0.5 kmol/m 3 NaOH aqueous solution containing tritium of 0.6 PBq/m 3 . The current density and charging period for each specimens were 200 A/m 2 and 2 h, respectively. Then the tritium added specimens were immersed into dilute acetic acid, washed with water, rinsed in ethyl alcohol and then dried. The alkaline electrolyte adsorbed on the specimen surface was eliminated by this treatment.
The tritium added specimen was placed on an IP, Fujix TR2040, for 24 h to expose it to the β-rays emitted from tritium in the specimen. In this treatment, a tritium-labelled microscale (Amersham RPA510) composed of a plastic film containing eight levels of known amount of tritium was placed on the IP to translate the PSL intensity into the radioactivity of tritium. The detail of the qualitative analysis of the surface tritium concentration was described elsewhere. 11) After the exposure, two-dimensional mapping of the intensity of the β-rays recorded in the IP was measured by means of an IP-reader (Fujix FDL5000) and the tritium radioluminograph was obtained. The pixel size in the radioluminograph obtained by the IP-reader was 25 µm × 25 µm, meaning that the resolution of the radioluminograph is 25 µm.
After the radioluminography, tritium in the specimen was exhausted by heating at 473 K for 1 h in vacuum. Then the microstructure and composition in the specimens were examined by means of a scanning electron microscope (SEM) and energy dispersive X-ray spectrometer (EDX). The crystal structure of the specimens before and after hydrogen charging was examined by means of a X-ray diffractometer using Cu-Kα radiation. For this X-ray diffraction analysis, hydrogen addition was performed using the electrolyte without tritium. The PCT curves were measured at 313 K by Sieverts-type apparatus without activation treatment. The zero point of the PCT curves was reset in every cycle after evacuated by a rotary pump. Table 1 shows the chemical composition of both the BCC phase and the Laves phase in the specimen shown in Fig. 1(a 17 Ni 30 specimen, the charging period of 2 h was used because the surface of this specimen is decrepitated during the hydrogen charging. In Figs. 1(a) and (b), it is confirmed that the specimen has two-phase structure of the BCC phase and the Laves phase. In Fig. 1(c) , the specimen is con- sist of the Laves phase and small amount of third phase. In Figs. 1(a) and (b), no hydride was observed after hydrogen charging, indicating that the hydrogen concentration is not so high as to form hydride by the present hydrogen charging condition. In Fig. 1(c) hydride is observed after the hydrogen charging. The peak positions of both the BCC phase and the Laves phase shift to lower diffraction angle which indicates that the lattice expansion caused by the hydrogen dissolution occurs. Figures 2(a) and (b) 16 , respectively, after hydrogen charging. The change of the lattice spacings in the Laves phase is larger than that in the BCC phase. This shows that the amount of hydrogen dissolved into the Laves phase is larger than that in the BCC phase and that it is in the range of low hydrogen content where the hydride is never formed. Fig. 3(c) by a color bar in sixteen steps. This means that the region of higher, middle and lower hydrogen concentration in the specimen is indicated by red, yellow and blue, respectively. It is suggested that the hydrogen distribution depends on the microstructure in the specimen. Figure 4 (a) shows a radioluminograph of the tritiumlabelled microscale which placed on the IP with the specimens, simultaneously. The radioactivity of tritium can be measured from the radioluminograph. Figure 4(b) shows a relation between the tritium radioactivity in the microscale Fig. 6 (a) to (c) SEM micrographs of V 54.5 Zr 18.25 Ti 11.25 Ni 16 specimen in the numbered area ➀ to ➂ in Fig. 3(b) , respectively. and the observed PSL intensity obtained from Fig. 4(a) , indicating a linear relationship between them. From this radioactivity, we can calculate the tritium concentration considering the range 11) of β-rays in the specimen. Table 2 shows the mean hydrogen concentration of each specimen shown in Fig. 3(a) to (c) , which is estimated from the whole surface of the specimen. These hydrogen concentrations indicate that the hydride is not formed in the V 77. 8 Figure 5 shows a SEM micrograph of the square rounded portion in Fig. 3(a) . The darkly observed matrix is the BCC phase and the network formed brightly part is the Laves phase. The volume ratio of the Laves phase to the BCC phase is larger at the upper region in Fig. 5 . Hydrogen concentration in this region is high, as shown in Fig. 3(a) . This indicates that the hydrogen has a tendency to dissolve easily to the Laves phase. This result agrees with the result of the X-ray diffraction in Fig. 1 . Figures 6(a) to (c) shows the SEM micrographs of the V 54.5 Zr 18.25 Ti 11.25 Ni 16 specimen in the numbered area ➀ to ➂ in Fig. 3(b) , respectively. The top side region (a) and middle region (b) were slowly solidified and rapidly solidified regions, respectively, during solidification after the arc-melting. The bottom side region (c) was unmelted and heat affected region during arc-melting. In the SEM micrographs, the dark part and the bright part indicate the BCC phase and the Laves phase, respectively. At the region ➀, the structure is a mixture of fine BCC phase and Laves phase. In the region ➁, the size of the BCC phase increases and the Laves phase exists along the grain boundary. In the region ➂, the volume fraction of the Laves phase increases. The hydrogen concentration in the numbered area ➀ to ➂ in Fig. 3(b) are determined to be 320 mass ppm, 160 mass ppm and 670 mass ppm, respectively. It is found that hydrogen is enriched at the Laves phase rich region. This result is also the same with that obtained by the X-ray diffraction in Fig. 1 . Figures 7(a) and (b) show a time dependence of the local tritium radioactivity and the normalized radioactivity, respectively, in the respective numbered position in Fig. 3(b) . Hydrogen concentration gradually decreases from 670 mass ppm to 420 mass ppm after the hydrogen charging at the region ➂. However, at the BCC phase rich region ➁, hydrogen concentration decreases from 160 mass ppm for a few days and then changes to increase to 190 mass ppm. In this specimen, hydrogen distribution is expected to be in equilibrium during the first elapsed period evaluating from the hydrogen diffusivity D = 5 × 10 −9 m 2 /s in pure vanadium at room temperature. 19) Thus, the enhancement of the hydrogen concentration is not caused by the diffusion due to the concentration gradient of hydrogen in the specimen. This extraordinary phenomenon is suggested to be related to the microstructure of the specimen. Figure 8 shows a SEM micrograph in the square rounded portion in Fig. 3(c) of the V 17 Zr 36 Ti 17 Ni 30 specimen. In this specimen, the surface of the specimen is decrepitated by the hydrogen dissolution and hydride formation. By comparing the SEM micrograph with the radioluminograph, the hydrogen enriched region corresponds with the cracked region. It is confirmed that the Laves phase is more brittle than the BCC phase. Figure 9 shows PCT curves of the 3rd cycle of the V 77. 17 Ni 30 specimens, indicating that the amount of absorbed hydrogen being 1.8 mass%, 1.1 mass% and 0.5 mass%, respectively. Considering that the volume ratio of BCC phase to the Laves phase in the three alloys is in the same order of the amount of absorbed hydrogen, it can be concluded that the main hydrogen storaging phase is not the Laves phase but the BCC phase. Now we discuss the effect of the Laves phase on the hydrogen dissolution into the specimen. In the lower hydrogen content around the range of 500 mass ppm where the hydride is never formed, hydrogen concentration in the Laves phase is higher than that in the BCC phase. This means that the hydrogen is dissolved easily into the Laves phase in the lower range of hydrogen content for the initial stage of hydrogenation. However, in the higher hydrogen content around the range of 1 mass%, main hydrogen storaging phase is the BCC phase.
Results and Discussion
Considering these results, it is suggested that hydrogen penetrates into the specimen through the Laves phase and is storaged in the BCC phase. That is, the Laves phase acts as a preferential penetration path for hydrogen. The network formed Laves phase is more effective to transport hydrogen into the interior of the specimen, and this is the main reason for the excellent initial activation property 3) for hydrogenation of the V-Zr-Ni-Ti alloy with BCC/Laves two-phase structure.
Conclusions
The effect of the Laves phase on the hydrogen behavior in V-Zr-Ni-Ti alloys has been examined by the tritium radioluminography and the PCT measurements. Tritium radioluminography has shown that the hydrogen concentration in the Laves phase is higher than that in the BCC phase in the range of lower hydrogen content of ppm order. Hydrogen preferentially dissolves into the Laves phase. The PCT measurements have shown that the maximum hydrogen concentration decreases as the volume ratio of the Laves phase to the BCC phase increases in the range of higher hydrogen content of mass percent order. The BCC phase mainly absorbs hydrogen. It is found that the Laves phase acts as the penetration path for hydrogen in the early stage of hydrogenation, and that the BCC phase is the main hydrogen storaging phase.
An extraordinal phenomenon in the time dependence of the local hydrogen concentration has been observed. The local hydrogen concentration in the BCC rich region decreases for a few days after hydrogen charging and then changes to increase, while the hydrogen concentration in the Laves phase rich region gradually decreases. This phenomenon is related to the microstructure in the specimen.
